As devices continue to scale, imperfections in the fabrication process will have a more substantial impact on the reliability of a system. In Magnetic Cellular Automata (MCA) data is transferred through the coupling of neighboring cells via magnetic force fields. Due to the size of the switching cells, usually of the order of nanometers or smaller, MCA can be sensitive to inherent fabrication defects such as irregular spacing and non-uniform cell structures. Here we investigate conventional electron beam lithography fabrication defects and present a simulation based study on their effects on information propagation in a wire. The study varies the location of the different types of defects throughout the MCA wire under the influence of a spatial moving clocking field. We demonstrate that with the proposed spatially moving clock the most probable fabrication defects of MCA do not affect the information propagation and the location of the defect does not play a significant role in computation. Thus it is concluded that MCA wires demonstrate significant defect robustness towards realistic electron beam lithography shortcomings.
I. INTRODUCTION
It is predicted that CMOS devices will stop scaling sometime around the year 2020 and newer technologies will either co-exist with CMOS or replace it 1 . Although the future of CMOS is unknown, it is clear that many of these novel devices will exist in an embedded sensor computing scenario. Field-coupled Cellular Automata based computing deals with an alternative paradigm where information propagates due to the mutual interaction between neighboring elements as opposed to flow of electrons between two spatial points. This creates a promise for very dense, high speed, and low power computing 2 . This work explores and exploits single-domain magnetic interaction of magnetic cellular automata architecture, which is already demonstrated by pioneering efforts of Cowburn et. al. and Imre et. al. 3 .
Attractive features of MCA are the ease of fabrication and room temperature operation.
Moreover, there are a multitude of magnetic sensors, already mature MRAM fabrication and sensing techniques suggest better fusion of integrating magnetic logic into an embedded application scenario.
An essential area of study for Magnetic Cellular Automata is the correct directional flow of information from input to output. In order to accomplish information flow, additional external energy is required, namely a clock. This defect study uses a spatially moving clock, as it has demonstrated the correct flow of information in an ideal anti-parallel MCA wire, as opposed to the other clocking schemes that do not propagate information correctly in long wires. The use of a functioning clock allows for proper defect analysis of an anti-parallel coupled MCA wire. We classify defects based on common electron beam lithography errors we have experienced throughout our fabrication techniques. It is critical to study how these defects affect the reliability of the MCA system and is the primary goal of this work.
Based on our fabrication studies (explained in Section III), we observe five primary types of defects, (1) Irregular spacing (2) Missing material (3) Missing cell (4) Bulging nanomagnet and (5) Merged neighboring cells. This is due to the inherent noisy environment for the electron-beam, impurities, and charge collection. The missing cell and merged cell defect are less frequent than the irregular spacing, missing material and bulge defects. We analyzed the defects using a micro-magnet simulator (Object Oriented Micro-magnetic Framework (OOMMF)) that solves the Landau-Lifshitz equations accounting for various energies (Zeeman energy, Magneto-static energy, Exchange energy, Anisotropy energy, Demagnetization energy etc). This study is restricted to a single defective cell in an array. To characterize the defects, we considered wire lengths of 8 and 16 nanomagnets. Moreover, we considered the role of the location of defect in an array. Salient observations resulting from this study are:
• both length of an array and location of the defect in an array does not affect the output magnetization.
• there is almost no magnetization loss when the errors are masked.
• MCA is robust to small spacing irregularities, bulge and missing material (less than 5%) defects for different length MCA arrays, yielding correct output for all defect locations.
• only for missing cell, significant amount of missing material and merge cell defect (in general uncommon), the defective magnet retains the previous value causing error.
II. REVIEW OF THE WORK
One of the pioneering efforts in Field-coupled Cellular Automata computing evolved using quantum tunneling interactions of electrons in neighboring cell 4 , promising phenomenal packing density, and the low power-delay product. In a later development, the molecular form of QCA 5 was proposed which works at room temperature alleviating the main drawback of cryogenic operating temperature requirement of E-QCA. The only problem associated with molecular QCA is the difficulty associated with the self-assembly structure. The strong candidate in the field coupled computing is the magnetism, which solves the problem of cryogenic temperature and self assembly structure. In this framework we tried to explore the field coupled computing with nanomagnets for signal processing.
A. Review on MCA
Magnetic Cellular Automata (MCA) is a variation of the field coupled QCA architecture that was first proposed by Lent et.al. 4 . R. P. Cowburn and M. E. Welland 6 proposed a new processing method based on magnetism, in which networks of interacting sub-micrometer magnetic dots are used to perform logic operations and propagate information at room 
B. Defect Study
To accurately capture the reliability effects, defects have on a MCA system it is necessary to have a working clock. Regardless of the implementation, a circuit or system made from Cellular Automata devices will realistically require some kind of clock structure that directs the computation and provides gain. Since magnetic interactions are direction-insensitive, additional control (clock) is needed apart from an input to drive the information flow from input to output. The clock helps the system to overcome the energy barriers between metastable states and the ground state. E-QCA defect characterization has been extensively studied 13, 14 , however very little work has been reported on MCA defect characterization.
The main focus of this paper is on the defect characterization of magnetic cellular automata wire under a working clock. There are two preliminary defect studies under conventional adiabatic ordering scheme 15, 16 . Both studies are not comprehensive, since defect masking towards the output (point of testing) could not be considered as perfect ordering.
This study assumes a functionally correct array with perfect ordering and the flow of information 17 , while in 15,16 the defect free order was itself in question. It is important to note that, the actual implementation can vary 18 but as long as ordering is correct, the defect characterization conducted in this work would remain valid. Since the functional ordering was achieved by spatially varying field implemented by script on OOMMF package, this study includes a large category of single cell defect. Moreover all our defect data and ground truth (probability of defect) are found from in-house fabrication experience as opposed to the common defect assumption. (c), (d), (e), (f). When feature sizes in a device are small enough, the fabrication defects in nano-fabrication methods can become a dominant factor which determine the actual shape and operation of the nano-structure. The cause of these defects can be extrinsic or intrinsic 21 . We have noticed during our fabrication that defects may be possible in the In this framework, we have studied the geometry defect, which occurred during fabrication process. The geometry defects are deterministic in nature unlike the soft temporal error arising out of noise, stray magnetic field and temperature variations. The scope of the current study is (1) single occurrence of each defect type in an array and (2) assumption that input-output nanomagnets are defect free.
III. TYPES OF FABRICATION DEFECTS

In our Nano Research Center
In our study, we have assumed room temperature operation (T=300K) and neglecting thermal fluctuations. Furthermore, the impact of stray noise and thermal fluctuation would 8 be minimal at the dimensions of our study (as the ground state energy of the magnets under study (100 x 50 x 20 nm 3 ) are a few orders of magnitude of kT at room temperature 23 ).
Also, in our study surface roughness is neglected and we have assumed the uniform crystalline structure.In this framework OOMMF tool by NIST has been used. The OOMMF has great convergence with quantitative SEMPA measurements.
IV. DEFECT ANALYSIS
We analyze the magnetic cells using Landau-Lifshitz equation (micro-magnetic theory)
which accounts for various energies like Zeeman energy, Magneto-static energy, Exchange energy, Anisotropy energy, Demagnetization energy to model the behavior of the defective array. This framework presents an extensive and thorough defect study of realistic fabrication defects. Because of the nano scale size magnet and inherent noise of electron beam lithography, the type of defect observed in fabrication process are 1) less frequent missing cell 2) minimum fully merge cell and 3) missing material, bulging and irregular spacing defects which occur commonly.
Micro-magnetic Simulation Parameters
We performed the micro-magnetic simulation using the OOMMF code, based on the deliver a spatially moving clock from input to output. The information processing requires the interaction of the three fields: null field, switching field and input field. In this, the null field (clock) of 100 mT along the hard-axis (in x direction) was applied which forced all the magnetic cell moments to align in the direction of field (hard-axis) and magnetization in easy-axis reached zero. As we vary field spatially, the nanomagnets come under the influence of switching field (30 mT ) and finally start aligning anti-ferromagnetically, according to the input magnetization (Fig. 5 illustrates the sequence of the events). The propagation happens primarily due to the neighboring cell exchange coupling and shape-anisotropy. The simulation result in FIG. 6 , under no defect, shows that magnetic arrays behave perfectly, reaching near-uniform magnetization of individual cells, arranged in perfect anti-ferromagnetic order.
Single Irregular Spacing Defect
This is the most noticeable fabrication defect. Here we want to clarify that this study is not meant to decide optimum spacing. We have concluded that 20 nm spacing is optimum for our magnet dimensions which also confers with the relative dimensions used by Csaba et. al., 7 . In this work, we intend to study effect of a single regular shaped cell spaced irregularly due to fabrication variations (caused by effects like stray magnetic fields, thermal fluctuations, contaminated resist etc.) common in litho-based assembly. We need a robust architecture that would be tolerant to small spacing irregularities. FIG. 7 shows, nanomagnets 4 and 5 spaced irregularly. Irregular space defect has been studied with conventional clock 15 , wherein the irregularity in space cause stuck-at-fault. However our analysis suggested that irregular spacing does not affect the functionality of the MCA array. In FIG. 7, MCA array of 8 nanomagnet is simulated with different space irregularities (25%, 50%, 75%) and observed that MCA arrays are more tolerant against irregular space defects. 
Missing Material Defect
We have characterized the missing material defect in two different forms, namely ( or stuck-at-1 depending on the location of the missing material (top or bottom).
Single Bulge Defect
We have seen in our fabrication that the probability of occurrence of bulge in nanomagnet 
Merged Neighboring Cell Defect
We have seen two types of merge cell defect. by FIG. 13(a) . We have applied input to the left most nanomagnet and spatially moving clock in hard-axis of the nanomagnets.
The input propagated correctly till 3rd nanomagnet and since 4th nanomagnet is missing, the 5th nanomagnet has no influence from the 3rd nanomagnet due to large spacing. Hence, the fifth nanomagnet will retain its old value as shown in FIG. 13(b) . So it will propagate either logic '1' or '0' depending on the initial state of the nanomagnet after the missing cell.
Therefore, there is a 50% probability of getting correct output. 
Role of array length in defect
We have studied these defects with different array lengths. FIG. 14 shows the non uniform bulge defect at 3 rd nanomagnet in 8, 9, 10 and 16 nanomagnet MCA array. It is evident from the results that it is working perfectly irrespective of the length. This is a feature of spatially moving clock, where nanomagnet in switching state is influenced by the stable state of the previous nanomagnet as opposed to the following nanomagnet, which is in null state. This is because the magnetization of the null state nanomagnet is in X-axis. The null field is removed from all the nanomagnets one by one, resulting in directional information flow from input to output. Hence length is not a determinant in defect behavior.
Role of location of defects in array
Here, we focus our attention on the effect of the defect location in MCA array. We have assumed that the input and output nanomagnets are defect free and there is a single irregular spacing defect in an array. Through our simulation experiments we observed that the location of defect in an array does not affect the correct propagation flow of information. The simulation results for irregular spacing defect in 16 MCA array at three different locations is shown in FIG. 15 .
A. Discussion
The important points observed by our simulation experiments are summarized below:
1. MCA systems are robust towards most of the defects (irregular spacing, bulge, missing material (5%)). 2. The location of a defect in an array does not affect the defect masking. 5. Also, stuck-at-faults in a merge cell depends on the initial polarization of the MCA array. In merged nanomagnet the magnetization in x-axis is more than y-axis so it is hard to flip the merged nanomagnet. Hence nanomagnet retains the old (initial) value which propagate either logic'0' or logic'1'.
B. Output Magnetization under Defect
We have measured the input and output magnetization for the MCA array of length It is clear from Table. I that Missing material defect (less than 5%), bulge nanomagnet defect and irregular space defect for array length 8 and 16, irrespective of the location of defect is extremely robust. Merge cell defect and Missing cell defect, which have less probability of occurence have 50% chance of correct output. Hence the MCA architecture is more robust.
V. CONCLUSION
We have studied the defect in MCA array for robustness of nano-magnetic arrays based on the theoretical framework of Landau-Lifshitz, capturing many effects like, shape anisotropy, crystalline anisotropy, exchange coupling between neighboring cells. First, we observed that with spatially varying clock scheme, length of an array and location of defect does not affect the output. Secondly, there was no signal degradation over the length of array and finally, we demonstrated that with spatially moving clock, MCA architecture is extremely robust to irregular space, bulge defect and missing material(less than 5%), which are ordinarily encountered in our fabrication experiments. Our future study include probabilistic defect macro-modeling.
